The development of single-chain variable fragments (scFvs) as therapeutic agents has the potential to reduce the high cost of antibody production, but the development process often impairs scFv functions such as binding affinity and pharmacokinetics. Multimerization is one strategy for recovering or enhancing these lost functions. Previously, we constructed several antiepidermal growth factor receptor (EGFR) scFv multimers by modifying linker length and domain order. Antitumor effects comparable with those of the currently approved anti-EGFR therapeutic antibodies were observed for scFv trimers. In the present study, we fractionated an anti-EGFR scFv tetramer from the intracellular soluble fraction of an Escherichia coli transformant. Compared with the trimer, the tetramer showed higher affinity, greater cancer cell growth inhibition, and prolonged blood retention time. Furthermore, the tetramer did not dissociate into the trimer or other smaller species during long-term storage (up to 33 weeks). Thus, our developed scFv tetramer is an attractive candidate next-generation anti-EGFR therapeutic antibody that can be produced via a low-cost bacterial expression system. Although conventional monoclonal antibodies are now used to treat a variety of difficult to cure diseases, such as cancers, their use is limited by their high production costs due to the requirement of a mammalian expression system and their poor penetration into tumor tissue [1, 2] . Advances in recombinant technology now make it possible to produce antibody fragments, such as variable fragments and single-chain variable fragments (scFvs) [3] , which, in addition to having high tumor tissue penetration, can be produced via bacterial expression systems, and are therefore ideally suited for large-scale preparation; however, they are rapidly cleared from the blood, their valency is decreased compared with the parental IgG, and they do not possess a fragment crystallizable (Fc) region. Consequently, variable fragments and Abbreviations BS, bacterial supernatant; EGFR, epidermal growth factor receptor; Fab, fragment antigen-binding; Fc, fragment crystallizable; h528, humanized anti-EGFR antibody 528; ICS, intracellular soluble; MTS, 3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt; PBS, phosphate-buffered saline; PP, periplasmic; RU, resonance unit; scFv, single-chain variable fragment; sEGFR, soluble EGFR; SUV, standardized uptake value; V H , variable heavy domain; V L , variable light domain.
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scFvs have low target affinity and fail to induce secondary immune functions such as antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity.
Multimerization is one strategy for improving the pharmacokinetics and binding affinity of antibody fragments. In scFvs, the length and composition of the polypeptide linker between the variable heavy (V H ) and light (V L ) domains strongly influences which multimeric structure is formed. For example, a linker comprising 15 amino acid residues leads only to the formation of an scFv monomer, whereas a linker comprising 8-12 residues leads to the formation of scFv dimers known as diabodies. A linker comprising less than five residues, or no linker, leads to the formation of higher order multimers such as trimers (triabodies) and tetramers (tetrabodies) [4] [5] [6] [7] [8] . The larger molecular size of the multimers results in a longer serum half-live and more rapid tumor uptake and blood clearance, which produces better tumor-to-blood ratios than those obtained with the parental IgG or the scFv monomer [9] . Furthermore, multimerization generally results in multivalency against the target antigen, which not only produces a greater binding affinity due to an avidity effect but also improves function, which may compensate for the lack of induction of secondary immune functions. Even though the binding valencies of the parental IgG and scFv diabody are identical, there are reports that conversion into the diabody can confer a strong agonist activity in the diabody even if the parental IgG has little to no agonist activity, which may be attributable to changes in accessibility to, or the achievable proximity of, target antigens [10, 11] .
Epidermal growth factor receptor (EGFR) is an important target for cancer therapeutic agents because it is expressed in many types of solid tumor and its expression level is correlated with malignancy, metastatic phenotype, and poor prognosis [12] [13] [14] . Two anti-EGFR therapeutic antibodies, cetuximab and panitumumab, are currently approved by the US Food and Drug Administration, and other anti-EGFR therapeutic antibodies are undergoing clinical trials [15] . Panitumumab is characterized by its high affinity to EGFR and is thought to function primarily through the blocking of ligand-receptor interactions. It also has a decreased likelihood of damaging normal EGFR-positive cells because it belongs to the IgG2 subclass and therefore has reduced effector functions compared with cetuximab, which belongs to the IgG1 subclass [15, 16] .
Previously, we constructed scFv multimers using humanized anti-EGFR IgG 528 [17] . These h528 scFv multimers were produced via a bacterial expression system, and after fractionation they inhibited tumor cell growth by blocking the EGFR phosphorylation in a multimerization-dependent manner. Among the multimers examined, h528 scFv trimer with the V H -V L domain order and no linkers (HLG0 trimer) showed the highest in vitro and in vivo anticancer effects, which were comparable with those of cetuximab and panitumumab.
In this study, we successfully fractionated h528 scFv HLG0 tetramer and improved the yield obtained with our bacterial expression system. Compared with h528 scFv HLG0 trimer, h528 scFv HLG0 tetramer showed higher affinity, greater tumor cell growth inhibition, and prolonged blood retention time. Furthermore, the tetramer did not dissociate into the trimer or other smaller species during long-term storage. To our knowledge, this is the first report of the production of a highly stable scFv tetramer that inhibits tumor cell growth; therefore, this tetramer is an attractive candidate next-generation anti-EGFR therapeutic antibody that can be produced via a low-cost bacterial expression system.
Results
Preparation of h528 scFv HLG1 dimer from intracellular soluble fraction of an Escherichia coli transformant
To examine whether greater yields of anti-EGFR scFv multimers could be obtained from a bacterial expression system, we prepared h528 scFv in the V H -V L order with a six-amino acid linker (HLG1) from the intracellular soluble (ICS) fraction of an Escherichia coli transformant expressing the scFv. Gel-filtration chromatography after immobilized metal ion affinity chromatography purification showed that HLG1 prepared from ICS fraction predominantly formed dimers, as did the HLG1 prepared previously from secretion fraction (bacterial supernatant plus periplasmic fraction) (Fig. 1A ) [17] . The final yield of HLG1 dimer prepared from ICS fraction was 0.70 mgÁL -1 culture, which was fourfold of that obtained from secretion fraction.
We next compared the inhibitory effects of the HLG1 dimer prepared from ICS and that prepared from the secretion fraction on the growth of human tumor cells using the 3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoli um inner salt (MTS) assay. Both types of HLG1 dimers showed very similar inhibitory effects on cancer cell viability (Fig. 1B) , indicating that preparation from ICS fraction is an ideal strategy for producing anti-EGFR h528 scFv multimers at high yields.
Preparation of h528 scFv HLG0 trimer and tetramer
Next, we applied our ICS preparation method to the production of HLG0 trimer and tetramer because we previously confirmed that HLG0 prepared from secretion fraction predominantly formed trimers and that h528 scFv multimers inhibited cancer growth in a multimerization-dependent manner [17] . Two equivalent peaks, which were attributed to the trimer and tetramer species, were observed on the gel-filtration chromatogram ( Fig. 2A ). These two peaks were then fractionated and their monodispersity was confirmed by means of repeated gel-filtration chromatography (Fig. 2B ). The final yields of HLG0 trimer and tetramer prepared from ICS fraction were both 0.35 mgÁL -1 , which was twofold larger than the yield of HLG0 trimer produced from secretion fraction (fourfold if the tetramer is included). The trimer and tetramer were also successfully fractionated by means of cationexchange chromatography followed by gel-filtration chromatography (Fig. 2C ,D, respectively). Together, these results showed that HLG0 can form two distinct molecular species (trimer and tetramer), and that preparation from ICS fraction produced a greater amount of tetramers than preparation from secretion fraction.
Evaluation of binding kinetics by means of surface plasmon resonance spectroscopy
To evaluate the apparent affinities of fractionated HLG0 trimer and tetramer, we determined their binding kinetics using immobilized soluble EGFR (sEGFR) and surface plasmon resonance spectroscopy, and then compared them with those of h528 scFv in the V H -V L order with a 16-amino acid linker (HLG3 monomer), HLG1 dimer, and the approved anti-EGFR IgG cetuximab (Fig. 3A, Table 1 ). The resultant sensorgrams showed similar association phases but dissociation phases that were slower with increasing multimerization. The lowest dissociation rate was observed for HLG0 tetramer, and this decrease contributed to a dissociation constant that was lower than that of both HLG0 trimer and cetuximab (Table 1) . However, these values were unreliable due to the detection limit of the surface plasmon resonance instrument. Therefore, we next followed the dissociation behavior for 2000 s using the scFv multimers at concentrations equivalent to 300 nM HLG3 monomer (e.g., 75 nM tetramer is equivalent to 75 9 4 = 300 nM monomer). The relative responses at the endpoint showed that higher remained bound to the sensor chip was also multimerization dependent (Fig. 3B, Table 1 ), indicating that HLG0 tetramer is a distinct molecular species with a different affinity to that of HLG0 trimer.
Inhibitory effect of h528 scFv HLG0 tetramer on tumor cell growth
We previously reported that h528 scFvs inhibited the growth of cancer cells in a multimerization-dependent manner, and that the greatest inhibition was observed for HLG0 trimer [17] . Here, we evaluated the inhibitory effect of HLG0 tetramer on the growth of tumor cells, and compared it with those of an h528 scFvs monomer, dimer, and trimer, and also with those of panitumumab and cetuximab using the MTS assay. Although HLG1 dimer and HLG0 trimer both inhibited cancer growth more than the HLG3 monomer, which was consistent with previous results [17] , HLG0 tetramer had the greatest overall inhibitory effect (Fig. 4A) . Furthermore, the inhibitory effect of HLG0 was also greater than that of panitumumab or cetuximab (Fig. 4B) . These results show that the HLG0 tetramer is a novel anticancer antibody that can be prepared by via a low-cost bacterial expression system.
Confirmation of the stability of h528 scFv HLGO tetramer and trimer
It is crucial that therapeutic recombinant proteins remain structurally stable over time; however, there is a concern that scFv multimers made through noncovalent association dissociate during long-term storage or when diluted after administration. Therefore, by means of gel-filtration chromatography, we evaluated the stability of fractionated HLG0 trimer and tetramer that had been stored for 8, 14, or 33 weeks. A single, monodisperse peak at each time point was obtained for both species, indicating that once fractionated, both multimeric structures remained stable during long-term storage (Fig. 5A) .
Next, we compared the in vivo stabilities of HLG0 tetramer and cetuximab by measuring the area under the curve by means of radioiodine labeling. Compared with data from a previous report, [17] the area under the curve (1.5-8 h) for HLG0 tetramer was increased 5.4-fold compared with that for HLG3 monomer, 2.1-fold compared with that for HLG1 dimer, and 1.4-fold compared with that for HLG0 trimer; however, it was decreased 1.3-fold compared with that for cetuximab (Table 1) . These values correlated with calculated molecular weight and suggested that the stability of HLG0 tetramer is sufficient for it to be used in vivo as a therapeutic agent. 
Discussion
Previously, we developed next-generation anti-EGFR 9 anti-CD3 bispecific antibodies that included the human Fc region, and studies to assess their clinical usefulness are currently underway [18] [19] [20] . However, the recruitment of T cells by bispecific antibodies has prompted concerns about adverse effects on the central nervous system, which have led to the permanent discontinuation of certain investigative studies [21] . In addition, although IgG-like bispecific antibodies are an attractive format, they are difficult to express in bacteria, which leads to high production costs. More importantly, only a few engineered antibodies or antibody fragments had been approved by the US Food and Drug Administration; it therefore remains unknown which recombinant format and strategy is more promising and further development is needed. Multimerization of antibody fragments is one strategy for improving the drawbacks associated with antibody fragments such as rapid clearance, decreased valence, and lack of an Fc region. There have also been reports of the induction of strong agonist activities by converting to the scFv diabody from the parental IgG [10, 11] . Among the two currently approved therapeutic anti-EGFR antibodies, panitumumab is characterized by its high affinity, and it does not induce natural killer cell-mediated antibody-dependent cellular cytotoxicity like cetuximab does [15, 16] . We previously constructed anti-EGFR scFv multimers that inhibited cancer cell growth in a multimerizationdependent manner [17] . Among these multimers, HLG0 trimer showed the highest in vitro and in vivo antitumor effects, which were comparable with those of cetuximab and panitumumab.
In this study, we increased the yield of scFv multimers obtained by preparing them from ICS fraction of an E. coli transformant instead of from secretion fraction, and HLG1 dimers prepared from the two fractions had comparable tumor cell growth inhibitory effects (Fig. 1A,B) . When HLG0 was expressed, two equivalent peaks representing the trimer and tetramer were observed on gel-filtration chromatogram and cation-exchange chromatogram ( Fig. 2A,C) , and the monodispersity of these two species was confirmed by means of repeated gel-filtration chromatography (Fig. 2B,D) . Compared with HLG0 trimer, HLG0 tetramer showed higher affinity (Fig. 3, Table 1 ), greater cancer cell growth inhibition (Fig. 4) , and prolonged blood retention time (Table 1) . Furthermore, HLG0 tetramer did not dissociate into the trimer or other smaller species during long-term storage (Fig. 5A) . Data from our previous report [17] . Concentrating each fractionated multimer using an ultrafiltration device also did not affect their multimeric structures, as confirmed by means of repeated gel-filtration chromatography (data not shown). Together, these results indicate that HLG0 tetramer and trimer have distinct, intrinsically stable, and separable molecular structures. To date, several alternative binding scaffolds have been developed [22, 23] , among which, the designed ankyrin repeat proteins (DARPins) are particularly promising [24] . DARPins can be expressed in the cytoplasm of E. coli, and recently the inhibitory effects on tumor cell growth of DARPins targeting EGFR were reported together with a detailed inhibitory mechanism [25] . In contrast to DARPins, scFv multimers have the advantage that they can be prepared from already existing, well-characterized scFvs or directly from IgG. The ability of scFv multimers to exhibit useful functions, such as multivalent binding and cross-linking of adjacent surface receptors, depends on the flexibility of the linker between the variable fragments and the density and orientation of the antigen-binding sites, as well as the domain order, type of variable fragment, and structure of the target receptor [26] . For example, anti-CD19 scFv trimers are predominantly inactive and show only monovalent binding to the target cell surface [26, 27] , antiLewis y scFv trimers rapidly dissociate into inactive monomers until equilibrium is reached [6] , and anti-HER2 scFv tetramers built using self-associating peptide show no higher avidity than their dimers [28] . In contrast, anti-EGFR scFv multimers, including the tetramers presented in this study, exert their functions in a precise, multimerization-dependent manner, suggesting that all of the possible binding sites of the anti-EGFR scFv multimers are active and that EGFR is an ideal target for specific scFv multimer-based therapeutics. Note, however, that differences in the domain order of anti-EGFR scFv multimers did affect their function [17] , and therefore different results are likely to be observed with other anti-EGFR antibody clones.
Multimerization of scFvs is influenced not only by structural factors, such as linker length, domain order, and interaction between V H and V L , but also by environmental conditions such as ionic strength, pH, and concentration within the bacterial transformant [26, 29] . Although it is unknown why a higher yield of tetramer was obtained from ICS fraction compared with secretion fraction, the increased local concentration in the periplasmic fraction or certain components present in BugBuster reagent may affect the transition of the monomer into the trimer or tetramer. However, concentrating the trimer by means of ultrafiltration did not induce association into tetramers, and vice versa. Although the yields of tetramers thus far obtained are insufficient for further application, large-scale fermentation of scFv multimers has been reported [30] . Additionally, significant alterations of the scFv trimer and tetramer equilibrium ratio have been established via in silico modeling-based mutagenesis to remove steric interference [31] . We are now working to increase the yield and transition control of h528 scFv tetramer.
In the present work we assume that the scFv tetramers are active against the EGFR pathway on the basis of a previous study which identified trimers as effective among multimers studied [17] . Although this and further data for the tetramers such as in vivo therapeutic studies and biodistribution are needed in future work, the present study demonstrated that h528 scFv tetramer has a stable structure, high inhibitory effect on tumor cell growth, and long blood retention time, and is therefore an attractive, low-cost candidate next-generation anti-EGFR therapeutic antibody.
Materials and methods

Preparation of anti-EGFR h528 scFv multimers
Bacterial expression vectors for h528 scFv in the V H -V L order with a 16-amino acid linker (HLG3), with a 6-aminoacid linker (HLG1), and without a linker (HLG0) were constructed previously [17] . The scFvs were expressed individually in E. coli strain BL21(DE3) (Life Technologies, Carlsbad, CA, USA) and purified from bacterial supernatant plus periplasmic fraction using immobilized metal ion affinity chromatography [32] . The scFvs were also prepared from ICS fraction using BugBuster reagent (Merck KGaA, Darmstadt, Germany) according to the manufacturer's instructions. Gel-filtration chromatography with a HiLoad 26/600 Superdex 200 pg column (GE Healthcare Bio-Science, Piscataway, NJ, USA) was used for further purification. The column was equilibrated with phosphatebuffered saline (PBS), and then 5 mL of purified scFv was loaded onto the column at a flow rate of 2.0 mLÁmin -1 . Cation-exchange chromatography with a Resource S column (GE Healthcare Bio-Science) was also used for further purification. Purified scFv was loaded onto the column in 50 mM NaH 2 PO 4 (pH 6) and eluted with a 0-1.0 M NaCl gradient in the same buffer. Gel-filtration chromatography with a Superdex 200 10/300 GL column (GE Healthcare Bio-Science) was used to confirm the monodispersity of each fractionated HLG0 species, and to evaluate their stability during long-term storage. For these experiments, the column was equilibrated with PBS, and then 0.25 mL of scFv was loaded onto the column at a flow rate of 0. 
Surface plasmon resonance spectroscopy
The interactions between sEGFR and the scFvs were analyzed by means of surface plasmon resonance spectroscopy (Biacore 2000, GE Healthcare Bio-Science). The methods for the expression and purification of sEGFR have been described previously [35] . Briefly, sEGFR was immobilized on a CM5 sensor chip up to 3848 resonance units (RU). Various concentrations of scFv multimers in PBS containing 0.005% Tween 20 were then allowed to flow over the bound sEGFR at a flow rate of 20 lLÁmin -1 at 25°C. The surface was regenerated between experiments with 10 mM glycine-HCl (pH 2.0) with no loss of activity. The data were referenced by subtracting the response of a blocked blank cell. BIAevaluation software (GE Healthcare BioScience) was used to analyze the data. Kinetic parameters were calculated by means of a global fitting analysis with the assumption of a 1:1 Langmuir binding model.
Radiolabeling of antibody
An Iodogen tube was prepared by coating a 1. . Radiochemical purities of the isolated antibodies ranged from 94% to 98%.
Blood clearance study
The Ethics Committee for Experimental Research in Animals of Tohoku University (Sendai, Japan) approved the study protocol. Male imprinting control region mice (6 weeks old, 27-31 g) were injected in the lateral tail vein with 125 I-labeled antibody (2 lg, 150-180 kBq) in PBS solution (0.2 mL). Approximately 10 lL of blood was collected from the contralateral tail vein at 1.5, 3, 5, and 8 h post injection (n = 5 at each time point). Radioactivity and weight of the blood were measured with a gamma counter (AccuFLEXc7000; Hitachi Aloka Medical, Tokyo, Japan). Blood radioactivity is expressed as the standardized uptake value (SUV), which was defined as follows: SUV = (Blood radioactivity/Blood weight)/(Injected radioactivity/Body weight).
